The effectiveness of Simulation Program with Integrated Circuit Emphasis (SPICE) in calculating probabilities, reliability, steady-state availability and mean-time to failure of redundant systems with non-repairable units and common-cause failures described by Markov models is demonstrated. General equations and procedure for constructing the equivalent circuit for N parallel units are presented. Results obtained, for N 1,2, 3, using SPICE are compared with previously published results obtained using the Laplace transform method. Full SPICE listings are included.
I. INTRODUCTION
In practice most component failures are hardly statistically independent. Thus, common-cause failure, where a single failure event can propagate and cause failure of more than one unit in the system, has attracted the attention of many investigators in the area of system reliability and availability [1] [2] [3] [4] [5] [6] [7] [8] . There are several reasons which can lead to common cause failures [5] . Whether it is for predicting the *Corresponding author. 235 behavior of new designs or studying possible changes to existing ones, models of systems with common-cause failures are essential tools for their investigation. Of particular interest here is the Markov analysis technique which is widely used for calculating the reliability and availability of a redundant system with non-repairable units.
Figure shows the state space diagram of a non-repairable N identical unit parallel system with one identical warm standby [2] . As long as one unit is operating normally, the system is considered in an up-state. Figure is obtained on the assumption that common-cause and hardware failures are statistically independent, all failure rates are constant and a common-cause failure can occur from any of the NO-1 up states of the system. Also, it is assumed that the switching mechanism of the standby is automatic and instantaneous and the standby may fail in its standby mode, in addition to failure in its switching mechanism [1] . The state transition equations associated with the system represented by the state space diagram of Figure can be represented by [1] dPo(t) #:P2(t) -(NA1 + A2 + Aco)Po(t) NA1Po(t) (NA1 + Acl)P1 (t) (2) A2Po(t) (NA1 + #2 + Ac2)P2(t)
dPN+3 t) dt --/coPo(t) q-.clP1 (t) + Ac2P2(t) +"" + .cN+IPN+I(t) (10) where (dPn(t)/dt) represents the differentiation of the nth-state probability Pn(t), at time 0, P0(0)= and Pk(0)= 0, for k= 1,2,3,...,N+3. Equations (1)-(10) can be solved using the Laplace transform method [1] [2] [3] [4] [5] [9] [10] [11] . Recently, the use of SPICE capabilities in studying the behavior of multi-state systems described by Markov models was investigated [12] . The equivalent circuits used and the results obtained for the steady-state probabilities of four-state and five-state models prove that SPICE circuit simulation program is a useful tool for studying the behavior of multi-state systems described by the Markov models.
The major intention of this paper is to present equivalent circuits for studying the behavior of the general non-repairable N identical unit parallel system with one identical warm standby described by
Figure and Eqs. (1)- (10) . Using the proposed equivalent circuits, reliability and availability analysis of these systems can be easily performed using SPICE. From the SPICE output file the following can be obtained:
(1) The probability, Pn(t), that the system is in state n at time t. ( 2) The system reliability, R(t), that is the probability that the system is in an up state.
(3) The system steady state availability, A V, that is the long term probability that the system is in an up state.
(4) The system mean time to failure (MTTF).
II. PROPOSED MODEL
According to [12] 
The electrical equivalent circuit of Eqs. (13)- (21) can be constructed using the subcircuit shown in Figure 2 . In the subcircuit, the current is the analog of Pn(t), the voltage across the inductor is the P (t) R n FIGURE 2 Subcircuit used to construct the equivalent circuit of Eqs. (13) [12] . In the SPICE input file of the circuit of Figure 1 Using the probabilities P(t), n =0, 1,... ,N, the system reliability can be calculated using Eq. (22).
where M < N/ 3 is the number of states with the system up. The electrical equivalent circuit of Eq. (22) is shown in Figure 3 . In the circuit the current is the analog of the system reliability R(t) and the VCCS, GR, represents the right hand-side of Eq. (22).
The steady-state availability, defined as the long term probability Figure 5 and its SPICE input file is shown in Figure 6 where the initial conditions P,(0) 0, n 1,2, 3, 4 are set to zero. The transient results of Figure 7 show the state probabilities P,(t)=0, n-0, 1,...,4 and the system reliability. Table I it can be seen that the results obtained using SPICE simulation are in excellent agreement with the results obtained using the Laplace transform method.
Case 2 N 2 and #2 0. Using Eqs. (1)- (10) and Figure 1 , the state transition equations of this case can be written as [2] : Figure 8 and its SPICE input file is shown in Figure 9 where the initial conditions Pn(0)= 0, n-1,2,..., 5 are set to zero. The transient results of Figure 10 shows the state probabilities Pn(t) 0, n 0, 1,..., 5 and the system reliability. Table II 
